Multilayer thin films consisting of nanometer-thin, Er-doped luminescent layers ͑either SiO 2 :Er or Si 3 N 4 :Er͒ interlaced with nanometer-thin, Si-rich sensitizing layers ͑either Si-rich oxide or Si-rich nitride͒ are proposed as a solution to loss of Er 3+ optical activity during nanocluster Si ͑nc-Si͒ sensitization of Er 3+ . Comparison of Er 3+ photoluminescence ͑PL͒ intensities and luminescence lifetimes under both direct, resonant pumping and under nc-Si sensitized pumping shows that by using a heterolayer structure that consists of Si-rich silicon nitride sensitization layers with SiO 2 :Er luminescing layers, anneal-induced optical deactivation and desensitization of Er 3+ that often accompany nc-Si sensitization can be prevented such that the most effective nc-Si sensitization and strongest Er 3+ activity can be obtained simultaneously without a compromise between the two. Based on high-resolution transmission electron microscopy and PL spectroscopy, we identify the maintenance of compositional and structural integrity of the heterolayer thin film through the use of nitride layers, and the subsequent maintenance of subnanometer scale spatial separation between nc-Si and Er 3+ even after high temperature annealing at 1050°C as being the critical factors for the observed advantage of the heterostructure.
I. INTRODUCTION
There has been a growing interest in developing a Sicompatible light source material that could help power the emerging field of Si photonics. 1 In particular, the use of Erdoping as an optical dopant has attracted a great attention as its intra-4f transition ͑ 4 I 13/2 → 4 I 13/2 ͒ emits light in the technologically important 1.5 m region which coincides with the absorption minimum of the silica optical fibers. This not only allows seamless integration with the standard longdistance telecommunication systems but also enables integration with the many Si-based/compatible optical devices such as ultracompact resonators, 2,3 modulators, 4 and detectors 5 that have been demonstrated recently. The traditional method of resonant optical pumping of Er 3+ , however, requires long pumping length due to the small absorption cross-section of Er 3+ ͓Յ10 −20 cm 2 ͑Ref. 6͔͒ as well as an expensive laser tuned precisely to one of the optical absorption bands of Er 3+ . On the other hand, if Er is doped into Si, then it can be excited via energy transfer from excited carriers, enabling realization of electrically driven 1.54 m light source. 7 Unfortunately, such direct doping of Si with Er has been shown to be problematic due to myriad of problems such as strong temperature quenching, low luminescence efficiency, and low solubility of Er in Si. 8, 9 An approach that has been studied intensely as a possible solution to above problems is silicon-rich silicon oxide ͑SRSO͒, in which both nanocluster Si ͑nc-Si͒ and Er 3+ are dispersed in an oxide matrix. In this case, nc-Si act as classical sensitizers, transferring energy from excited carriers to nearby Er. [10] [11] [12] [13] SRSO, in effect, combines the advantages of Si and SiO 2 : Er, as the effective excitation cross-section of nc-Si sensitized Er can be several orders of magnitude larger ͓ϳ10 −17 -10 −16 cm 2 ͑Refs. 14 and 15͔͒ and continuous across the entire visible range 12, 16 due to the strong absorption by nc-Si, while the luminescence efficiency and solubility remain high due to the SiO 2 matrix. This not only enables efficient top-pumping by low-cost, broadband light sources [17] [18] [19] but also electrical excitation for possible injection lasers. 20, 21 We note, however, that the term nc-Si has been used to describe a wide-range of Si clusters, ranging from luminescent centers of few atoms that form localized defect states in the bandgap [22] [23] [24] through nanometer-sized amorphous clusters 25 to Si nanocrystals. 26 Furthermore, despite intense research, the exact physical mechanism for the energy transfer has not yet been positively identified, and evidences for both resonant dipole transfer 27 and direct transfer of carriers 23, 28 have been reported. Thus, in this paper, we will use the expression "energy transfer" to describe flow of excitation from excess-Si induced sensitizers in the matrix to doped Er in general, without specifying the exact nature of the nc-Si sensitizer or the origin of the transfer mechanism. The main conclusion of this paper, however, will not be affected by the uncertainty.
A serious problem that has been reported for such nc-Si sensitization scheme is that the energy transfer distance between nc-Si and Er 3+ is only ϳ0.4 nm. [28] [29] [30] As a conse-quence, Er 3+ ions need to be located within the first few monolayers surrounding an nc-Si for effective sensitization to occur. Such exact, nanometer-scale control of the position between nc-Si and Er, however, is difficult when SRSO is formed by high-temperature annealing of Si-rich, Er-doped amorphous SiO x , as is widely done. Furthermore, it has been reported that such high temperature annealing can result in precipitation of Er away from Si, and lead to desensitization of Er such that it can no longer be excited via nc-Si. 31 In addition, such high-temperature annealing can also result in Er-Si reaction, and lead to optical-deactivation of Er 3+ such that a substantial fraction of Er cannot emit 1.54 m light at all regardless of the way it is excited. 25 Thus, much of the research was focused on obtaining the right composition and annealing procedure that would provide the best compromise between nc-Si sensitization and optical activation of Er. 15, 32 In this paper, we report on taking an alternative approach of using a heterolayer thin film that consists of nanometerthin layers of Si-rich silicon nitride ͑SRSN͒ or SRSO sensitizing layers and Er-doped, stoichiometric Si 3 N 4 or SiO 2 luminescent layers. Nitrides were chosen as the complementary layer to the oxide layers based on its compatibility with Si processing technology and high refractive index that allows for compact photonic integration, 33 as well as recent reports that suggest that nitrides may be as good as, if not better, than oxides for realizing nc-Si sensitized Er luminescence.
30,34-37 Furthermore, in order to separate the effect of heterostructure on nc-Si sensitization and optical activation of Er, we have investigated the effect of high temperature annealing on Er 3+ photoluminescence ͑PL͒ intensities and luminescence lifetimes using both nc-Si sensitized excitation and direct, resonant optical excitation of Er 3+ that bypasses nc-Si altogether. We find that using a combination of SRSN sensitizing layers and SiO 2 luminescing layers allows us to overcome the limitations of the compromise such that most effective nc-Si sensitization and strongest Er 3+ optical activity can be obtained simultaneously. Based on highresolution transmission electron microscopy and PL spectroscopy, we identify the maintenance of compositional and structural integrity of the heterolayer thin film through the use of nitride layers, and the subsequent maintenance of subnanometer scale spatial separation between nc-Si and Er 3+ even after high temperature annealing at 1050°C as being the critical factors for the observed advantage of the heterostructure.
II. EXPERIMENTAL
Four types of multilayer thin films with 40 periods of SRSO/SRSN sensitizing layers and SiO 2 :Er/ Si 3 N 4 : Er luminescing layers were deposited at room temperature on a p-type Si substrate by reactive sputter deposition using a Kaufman-type ion source, multiple sputter targets, and flowing O 2 and N 2 gases. For depositing Er-doped layers, a Si target with Er chips placed on it was used. For depositing Er-free layers, the target was rotated so that a pure Si target could be sputtered. 28, 30 The thickness of the sensitizing and luminescing layers was kept constant at 2 nm and 3 nm, respectively. The composition of the SRSO and SRSN layers was SiO 1.1 and SiN 0.5 , respectively, corresponding to excess Si content of 42 at. % and 23 at. %, respectively. The Er content in both SiO 2 and Si 3 N 4 layers was kept comparable at Ϸ2 ϫ 10 20 cm −3 . No other impurities other than process gases were detected when analyzed by Rutherford Backscattering Spectroscopy ͑data not shown͒. After deposition, the films were annealed in flowing N 2 environment for 20 min at temperatures ranging from 750 to 1150°C. Henceforth, these films will be referred to as NN, NO, ON, and OO films, with the first letter referring to the sensitization layers, and the second letter referring to Er-doped layers ͑e.g., NO = SRSN/ SiO 2 :Er͒. For comparison, SiO 2 : Er and Si 3 N 4 :Er thin films with the same Er content was fabricated as well. The PL spectra were taken using a grating monochromator, a thermoelectrically cooled InGaAs PIN diode, and standard lock-in technique. In obtaining the PL spectra, the 477 nm line of an Ar laser was used when probing nc-Si sensitized Er 3+ only, as it is absorbed strongly by nc-Si but not by Er ions. On the other hand, the 980 nm line of a distributedfeedback ͑DFB͒ laser was used when probing optically active Er 3+ in general, as it is resonantly absorbed by Er 3+ ions but only negligibly by nc-Si. 38 Time-resolved decay traces were obtained using a digitizing oscilloscope, and all PL spectra were corrected for the system response.
III. RESUTLS AND DISCUSSION
A. Effect of annealing on the optical properties of the four types of film Figure 1͑a͒ shows the nc-Si sensitized 1.54 m Er 3+ PL intensities from the four films, obtained using the 477 nm pump beam at room temperature. Shown in the inset is a typical PL spectrum obtained at room temperature. At lower anneal temperatures, the OO film shows the highest nc-Si sensitized Er 3+ PL intensity. Above 850°C, however, the Fig.  1͑a͒ is due to energy transfer from the sensitizing layers only ͑data not shown͒. Figure 1͑b͒ shows the anneal-temperature dependence of the Er 3+ luminescence lifetimes. The inset shows a typical decay trace. All decay traces were very close to being singleexponential, and the lifetimes shown are obtained by fitting a single exponential to the decay traces. We find that the Er 3+ PL lifetimes do not depend greatly on the anneal temperature, changing by at most a factor of 2. The NO film shows a prominent maximum near 950°C, while the ON and NN films show a continuous increase with the anneal temperature. Overall, we find that the Er 3+ luminescence lifetimes tend to be longer when Er is doped into the oxide layers than in the nitride layers.
Evaluating the films based on a direct comparison of the data shown in Fig. 1 , however, can be misleading since the effective excitation cross-section will be different among differently prepared samples. 15 More importantly, a strong nc-Si sensitization can compete with optical deactivation of doped Er 3+ ions in a complex way, 32 even down to levels that render the film useless for photonic applications. 39 Therefore, we have investigated anneal temperature dependence of the Er 3+ PL intensity under resonant pumping using the 980 nm line from a DFB laser. As absorption by nc-Si is negligible at this wavelength, 38 this allows us to directly probe the optical activity of doped Er 3+ ions. As shown in Fig. 2͑a͒ , we find that the reduction in the Er 3+ PL intensity from the OO film upon annealing starts even at 750°C, which was the lowest anneal temperature used. The highest Er 3+ PL intensity under resonant pumping is obtained from the NO film after anneal of 950°C.
Given the relatively low pump power density, the Er 3+ ions under the 980 nm pumping are well within the weak pumping regime. Thus, the Er 3+ PL intensity is proportional to N Er / rad , where is the measured luminescence lifetime, is the resonant optical excitation cross-section, N Er is the number of optically active Er 3+ , and rad is the intrinsic radiative lifetime. 40 As is determined by the internal atomic structure and is only weakly dependent on the host matrix, we approximate it to be constant among the different films. We also take rad to be the same under both 980 and 477 nm excitation, as the decay process of an excited atom should not depend on the method of excitation. Therefore, by dividing the Er 3+ PL intensities under 980 nm excitation by the measured luminescence lifetimes, we can obtain a qualitative indication of the relative fraction of optically active Er 3+ ions in the different films. Figure 2͑b͒ shows the result of such division. We confirm that the decrease in the resonantly excited Er 3+ PL from the OO film is mostly due to optical deactivation of Er, and that it starts even at 750°C. Thus, the "optimum" anneal temperature of 850°C observed in Fig. 1͑a͒ is an artifact due to increased effectiveness of sensitization. All the other films that contain nitride layers, on the other hand, show a strong resistance against anneal-induced optical deactivation of Er 3+ such that the relative fraction increases monotonically up to the anneal temperature of 1050°C, with the highest relative fraction of optically active Er 3+ obtained from NO film after anneal at 1050°C.
B. Effect of annealing on the structural properties of the four types of films
Presence of nitride layers has a similar stabilizing effect on the structural integrity of the film against high temperature annealing as well. This is shown in Fig. 3 that shows cross-section TEM images of the films that were annealed at 850 and 1050°C, together with the normalized brightness of the each layers. We find that in case of OO film, significant intermixing between the SRSO and SiO 2 : Er layers is observed even after annealing at only 850°C. After annealing at 1050°C, the layered structure is completely destroyed. In fact, as is shown in the inset, we observe individual silicon nanocrystals whose diameter exceeds the original SRSO layer thickness, indicating significant motion of excess Si atoms from the sensitizing layers into the luminescing layers. In contrast, all other films that contain nitride layers maintain the multilayer structure even after anneals at 1050°C, with sharp interfaces and unchanged layer thicknesses. Note also that we do not observe any nanocrystals in films containing nitride layers. Thus sensitization in these films can be due to amorphous nc-Si, or due to excess-Si related defects that create defect states in the bandgap. Such strong correlation between structural and optical stability of nitride-layer containing multilayer thin films strongly suggests that they share the same origin: the structural and chemical stability of silicon nitride. Si 3 N 4 is a very tough material, with hardness that is nearly three times that of SiO 2 , and melting temperature that exceeds 2150 K. More importantly, the diffusivities for both Si and transition metals in Si 3 N 4 are orders of magnitude smaller than those in SiO 2 . [41] [42] [43] Thus, use of nitride, either in sensitization layer or the luminescing layer, stabilizes the juxtaposition of nc-Si and Er 3+ within subnanometer sensitization distance against high temperature annealing by preventing structural and chemical reaction between them that can lead to optical deactivation and desensitization of Er 3 This conclusion is further supported by low-temperature ͑25 K͒ PL spectra of the multilayer thin films, as is shown in Fig. 4 that shows the PL spectra of the multilayer films, together with those from stoichiometric Si 3 N 4 and SiO 2 thin films doped with Er. In case of NN and ON films, the Er 3+ PL spectrum does not change at all even after 1050°C anneal, and is identical to that obtained from Si 3 N 4 : Er film. Same stability is observed from NO film as well but the PL spectra are slightly blueshifted relative to that from SiO 2 :Er film whose peak lies at 1.535 m, in agreement with previous reports. 44 The Er 3+ PL spectrum from the OO film after 850°C anneal is very close to that from SiO 2 : Er film but upon annealing at 1050°C, it redshifts by 1.5 to 1537 nm. As the intra-4f transitions responsible for Er 3+ are parityforbidden but become allowed due to the crystal-field effects, such changes in the Er 3+ PL spectra indicate changes in the local, atomic environment of Er 3+ ions as well. Thus, Fig. 4 clearly demonstrates that both the structural and compositional integrity of the ϳ0.4 nm thin layer across which energy transfer is possible is maintained in NO, NN, and ON films even after prolonged anneals at high temperatures but is destroyed in OO film. This is consistent with results shown in Figs. 1-3 , and indicates that by using a combination of silicon oxide and nitride layers in a multilayer structure, the need to compromise between nc-Si sensitization and optical activation of Er 3+ can be removed. and are rise time, decay time, excitation cross-section, and photon flux, respectively. As shown in Fig. 5 , the effective nc-Si sensitized excitation cross-section of NO film increases from 2.1Ϯ 0.1 to 3.2Ϯ 0.3ϫ 10 −17 cm 2 as the annealing temperature is increased from 950 to 1150°C, and that from the ON film also increases from 2.4Ϯ 0.1 to 3.2Ϯ 0.3 ϫ 10 −17 cm 2 . These values are comparable to those obtained for homogeneous SRSO ͑Refs. 14 and 15͒ and SRSN ͑Ref. 32͒ thin films, indicating that the multilayer structure does not sacrifice the effectiveness of nc-Si sensitization despite spatial separation of nc-Si and Er 3+ . Moreover, the nc-Si sensitized Er 3+ PL intensity from the NO film annealed at 1050°C is twice as strong as that from ON film annealed at 1150°C even though its effective excitation cross-section is almost same. As they have nearly the same optically active Er 3+ fraction and Er 3+ luminescence lifetimes, this implies that the NO film has far higher number of Er 3+ ions sensitized by nc-Si than the ON film. Therefore, we identify the combination of SRSN sensitization layer and Er-doped SiO 2 luminescing layer as the optimum structure that can simultaneously provide the most effective nc-Si sensitization and the highest fraction of optically active Er. In principle, similar stability against high temperature anneal would be expected in homogeneous SRSN:Er thin film as well, and there have been reports that SRSN:Er is a promising alternative for nc-Si sensitization of Er 3+ . 23, 32, 34 On the other hand, Fig. 1 indicates that luminescence efficiency of Er 3+ is higher in oxides than nitrides. Furthermore, the multilayer structure enables placing all of the doped Er 3+ ions within the interaction distance from the sensitizing SRSN layer. It must be noted, however, that it is not yet clear that all of the Er 3+ ions within the sensitization distance are in fact sensitized. Thus, we believe that the NO structure provides a new material approach that combines stable nc-Si sensitization of SRSN with efficient Er 3+ luminescence of SiO 2 in a single film for achieving fully sensitized Er 3+ luminescence, and more research on fully optimizing both sensitization and Er luminescence is under way.
C. Optimum nanostructure for nc-Si sensitized

IV. CONCLUSION
In conclusion, we have investigated the effect of spatially separating the nc-Si formation and Er 3+ activation using multilayers that consist of nanometer-thin silicon-rich sensitizing layers with stoichiometric, Er-doped SiO 2 or Si 3 N 4 luminescing layers. We find that the combination of SRSN sensitizing layers with Er-doped SiO 2 luminescing layers enables maintenance of compositional and structural integrity of the subnanometer-thin, nc-Si sensitized layers, and provides the most effective nc-Si sensitization and strongest Er 3+ activity simultaneously. 
